The Finlayson Lake volcanic-hosted massive sulfide (VHMS) district represents one of Canada's most recent VHMS discovery regions with ~34 million metric tons (Mt) of massive sulfide mineralization found since the mid 1990s. Felsic volcanic rocks are associated with three units: the Fire Lake unit, the Kudz Ze Kayah unit, and the Wolverine succession. Significant accumulations of polymetallic felsic VHMS deposits (Kudz Ze Kayah, GP4F, and Wolverine) have only been discovered in the Kudz Ze Kayah unit and Wolverine succession to date. In the hanging wall of the Money Creek thrust, felsic volcanic and high-level intrusive rocks in the Fire Lake unit have calc-alkalic and tholeiitic affinities with low high field strength element (HFSE) contents and intermediate Zr/Sc (9.4-43.4) and Zr/TiO 2 (254-864) ratios. These rocks are interlayered with mafic rocks with arc geochemical signatures, to date devoid of significant VHMS mineralization, and represent bimodal magmatism within an evolving Devonian-Mississippian continental-arc system. The Kudz Ze Kayah unit in the footwall of the Money Creek thrust stratigraphically overlies the Fire Lake unit and consists of felsic volcanic rocks with high HFSE contents, within-plate (A-type) signatures, and high Zr/Sc (15.3-190.3) and Zr/TiO 2 (630-2,185) ratios. The Kudz Ze Kayah unit felsic rocks are crosscut and overlain by alkalic mafic rocks, are associated with abundant carbonaceous sedimentary rocks, and represent magmatism within a Devonian-Mississippian ensialic back-arc rift-basin environment. The Wolverine succession unconformably overlies the Kudz Ze Kayah unit. Felsic rocks below the Wolverine deposit have geochemical attributes similar to the Kudz Ze Kayah unit with high HFSE contents, within-plate (A-type) signatures, and high Zr/Sc (29.9-84.2) and Zr/TiO 2 (391-1,220) ratios. In contrast, aphyric rhyolite flows in the hanging wall of the deposit have much lower HFSE contents and the lowest Zr/Sc (3.5-27.7) and Zr/TiO 2 (181-591) ratios in the district. All the felsic rocks of the Wolverine succession are interlayered with abundant carbonaceous sedimentary rocks and are overlain by midocean ridge basalt (MORB)-like basaltic rocks. The Wolverine succession is interpreted to have formed within an Early Mississippian ensialic back-arc basin environment that eventually evolved to sea-floor spreading.
Introduction
THE FINLAYSON LAKE district of the Yukon-Tanana terrane, central Yukon Territory, is host to some of Canada's most recent volcanic-hosted massive sulfide (VHMS) discoveries, such as the Kudz Ze Kayah, GP4F, Wolverine, Fyre Lake, and Ice deposits (Fig. 1) . The VHMS deposits discovered in the Finlayson Lake district have a total tonnage of ~34 million metric tons (Mt) with 21 Mt in the felsic volcanic-and sediment-hosted Kudz Ze Kayah, GP4F, and Wolverine deposits; the other 13 Mt are in the Cu-Co-Au Fyre Lake deposit and the Cu-rich Ice deposit. These VHMS discoveries started one of the largest staking rushes in the history of the Yukon Territory (Hunt, 1998) , which in turn has spurred an integrated program of regional geologic mapping (Murphy, 1998; Murphy and Piercey, 1999, 2000) , metallogenic and lithogeochemical studies Bradshaw et al., 2001) of the Finlayson Lake district.
Volcanic-hosted massive sulfide deposits of the Finlayson Lake district occur within a variably deformed and metamorphosed sequence of middle to late Paleozoic volcanic, plutonic, and sedimentary rocks (e.g., Mortensen, 1992a; Murphy and Piercey, 2000) . This paper presents a regional geochemical dataset for felsic volcanic rocks from the Finlayson Lake district, including those that do not host significant (to date) felsic volcanic-associated VHMS mineralization (Fire Lake unit) and those spatially associated with the Wolverine, GP4F, and Kudz Ze Kayah deposits. Petrochemical studies of volcanic rocks in other VHMS districts (e.g., Lesher et al., 1986; Barrie et al., 1993; Stoltz, 1995; Lentz, 1998 Lentz, , 1999 Barrett and MacLean, 1999) have shown that volcanic rock geochemical signatures can provide insight into the paleotectonic setting and metallogenic evolution of host rocks to VHMS districts. Furthermore, these geochemical studies have shown that volcanism associated with VHMS mineralization may provide a fingerprint of the ambient thermal and tectonic controls that govern the genesis of VHMS hydrothermal systems. By association volcanic lithogeochemical signatures may be a guide to the exploration and discovery of new VHMS mineralization. The objectives of this study are to (1) document the geochemical signatures of felsic volcanic rocks in the Finlayson Lake district, (2) elucidate the paleotectonic and metallogenic settings of the Finlayson Lake district and to compare the district to possible modern and ancient analogues, and (3) investigate the petrologic relationships between felsic volcanic petrogenesis and VHMS hydrothermal systems in the Finlayson Lake district. metaclastic rocks of unit 1, which are overlain by the ~365 to 360 Ma (Mortensen, 1992a, b, and unpub . data) mafic-dominated arc-and back-arc-related Fire Lake unit (Mortensen, 1992a, b; Grant, 1997; Murphy and Piercey, 1999, 2000; Piercey et al., 1999) . Boninitic rocks of the Fire Lake unit host the ~8.5 Mt Besshi-style Fyre Lake Cu-Co-Au VHMS deposit (Figs. 2 and 3; Murphy, 1998; Murphy and Piercey, 2000) . Stratigraphically overlying the Fire Lake unit is the felsic volcanic and sedimentary rock-dominated Kudz Ze Kayah unit (Murphy, 1998) . This unit consists predominantly of Devonian-Mississippian (~360-356 Ma; Mortensen, 1983 Mortensen, , 1992a ) felsic volcanic and variably carbonaceous sedimentary rocks in the lower parts of the unit (unit 3 of Murphy, 1998; Figs. 2 and 3) . The top of the Grass Lakes succession consists predominantly of alkalic basalts and carbonaceous sedimentary rocks (unit 4 of Murphy, 1998; Figs. 2 and 3) . Coeval with the Kudz Ze Kayah unit and unit 4 are the Devonian-Mississippian (360 ± 1 Ma; Mortensen, 1992a ) K feldspar porphyritic to megacrystic granites of the Grass Lakes suite of intrusions, which are inferred to be the subvolcanic intrusive complex to the Kudz Ze Kayah unit VHMS mineralization Murphy and Piercey (1999, 2000) . Murphy and Piercey (1999, 2000) and Piercey and Murphy (2000) . (Figs. 2 and 3) . The VHMS deposits within the Kudz Ze Kayah unit include the Kudz Ze Kayah Zn-Pb-Cu deposit (13 Mt, 5.5% Zn, 1.3% Pb, 1% Cu, 125 g/t Ag, 1.2 g/t Au; Shultze, 1996) and the GP4F Zn-Pb deposit (1.0 Mt, 6.4% Zn, 1.55% Pb, 0.1% Cu, 90 g/t Ag, 1.76 g/t Au; Figs. 2 and 3); both deposits are hosted by felsic volcanic and sedimentary rocks.
Yukon-Tanana Terrane
Unconformably overlying the Grass Lakes succession is the Wolverine succession. The Wolverine succession consists predominantly of Early Mississippian (~356-346 Ma; Mortensen, 1992a; Piercey and Mortensen, unpub . data) felsic volcanic and carbonaceous sedimentary rocks (Murphy and Piercey, 1999, 2000) , which host the Wolverine VHMS deposit (6.2 Mt @ 12.96% Zn, 1.53% Pb, 1.41% Cu, 359.1 g/t Ag, 1.81 g/t Au; Tucker et al., 1997; Bradshaw et al., 2001; Figs. 2 and 3) . The succession contains, from bottom to top, a lower conglomerate unit (unit 5l), a lower felsic volcanic-dominated unit (unit 5f/qfp), a regional carbonaceous argillite unit (unit 5cp), the immediate footwall felsic volcanic and subvolcanic rocks to the Wolverine deposit (unit 6fw), and a hanging wall consisting of aphyric rhyolitic rocks, carbonaceous sedimentary rocks, which near their top contain basalt flows (unit 6hw; Figs. 2 and 3; Murphy and Piercey, 1999, 2000; Bradshaw et al., 2001) . The Wolverine deposit occurs at the contact between footwall felsic volcaniclastic rocks (unit 6hw) and either hanging-wall carbonaceous argillite or exhalative rocks . The Wolverine succession is unconformably overlain by the upper Paleozoic (Pennsylvanian-Permian; Harms, in Plint and Gordon, 1997) mafic volcanic and clastic sedimentary rock-dominated Campbell Range succession (Figs. 2 and 3; Murphy and Piercey, 1999; Murphy, 2001) .
Deformation has influenced rocks of the region but these events largely postdate the formation of the stratigraphy in the Finlayson Lake region. The Money Creek thrust has displaced rocks from the Fire Lake unit a minimum of 30 km toward the east-northeast to their present position in the late Paleozoic (Figs. 2 and 3; Murphy and Piercey, 2000; Murphy, 2001) . The region has also been subject to Cretaceous ductile deformation due to low displacement southwest-vergent folding and thrusting (Murphy, 1998) . A Mississippian event of uncertain kinematics has affected the Grass Lakes succession; however, this is addressed in the context of the evolution of the belt in the discussion.
Geologic and Alteration Attributes of Host Rocks

Fire Lake unit
Felsic rocks comprise less than 5 percent of the Fire Lake unit in the Money Creek thrust sheet (Piercey and Murphy, 2000) . Samples from the Money Creek thrust consist of kilometer-scale rhyolite-dacite flows interlayered with calc-alkaline arc and island-arc tholeiitic (Grant et al., 1996; Grant, 1997) pillowed, massive, and vesiculated (±amygdaloidal) mafic lava flows and volcaniclastic rocks (Piercey and Murphy, 2000) . The felsic volcanic and high-level subvolcanic rocks in the Money Creek thrust are fairly well preserved, weakly strained, and have minimal alteration (Fig. 4a) . Most of the felsic rocks are reddish-pink to greenish-white subaerial to shallow subaqueous rhyolites and dacites that are variably K feldspar porphyritic containing millimeter-scale subhedral to euhedral feldspar grains (Fig. 4a) . They commonly constitute rhyolitic lava flows that are in places associated with blocky rhyolitic hyaloclastite (Piercey and Murphy, 2000) . Within the Money Creek thrust sheet, the felsic rocks are associated with minor clastic sedimentary rocks (Piercey and Murphy, 2000) , unlike rocks of the Kudz Ze Kayah unit and Wolverine succession .
High-level quartz and quartz-feldspar subvolcanic rhyolitic intrusive rocks are spatially associated with, and are inferred to be, the feeders of the rhyolitic volcanic rocks (Piercey and Murphy, 2000) . These intrusive rocks are pink-white to whitegray and are commonly K feldspar porphyritic within a medium-grained and, less commonly, fine-grained matrix. Mortensen (1992b) obtained a 360.5 ± 1 Ma age on a felsic porphyry from the Money Creek thrust; Piercey and Murphy (2000) documented magma mingling relationships between these intrusions and a calc-alkaline mafic feeder dike to the basalts, constraining the age of concomitant mafic and felsic volcanism within the Money Creek thrust.
The felsic rocks of the Fire Lake unit are relatively pristine, have no associated VHMS mineralization and minor sericite alteration that is most likely due to seawater-rock interaction. Petrographically, most contain K feldspar phenocrysts ( Fig.  5a ) and, locally, quartz phenocrysts within a siliceous matrix. K feldspar crystals (millimeter-scale) are euhedral to subhedral and in places form glomerophenocrystic aggregates (Fig.  5a ). Most grains are texturally well preserved with minor sericite patches on their surfaces; in one sample they are totally replaced by red oxides and clay minerals. Quartz grains are typically teardrop-shaped grains or rounded within a siliceous matrix. The matrix is commonly partially replaced by Fe-rich clays and minor sericite, but primary textures such as spherulitic quartz are locally preserved; pyrite is rare but present in some samples. Amygdales are typically filled with quartz, carbonate, chlorite, and/or oxide minerals. Millimeter-scale quartz veinlets are present in more strained samples.
Kudz Ze Kayah unit
Felsic rocks in the Kudz Ze Kayah unit range from in situ coherent rocks (rhyolitic flows and/or intrusions?) and volcaniclastic and epiclastic sedimentary rocks. Although the Kudz Ze Kayah unit is generally schistose and foliated, more massive coherent rocks preserve some textural characteristics ( Fig. 4b-d) . Nevertheless, the original morphology of the coherent rocks is largely obscured by deformation and interpreting whether they are extrusive or intrusive is difficult. Rocks interpreted as volcaniclastic are common within the Kudz Ze Kayah unit and range from fine grained (tuffaceous) to coarse grained with millimeter-to centimeter-scale feldspar crystals (Fig. 4d) ; coarse volcaniclastic rocks are very prevalent within and host the GP4F deposit. The felsic rocks of the Kudz Ze Kayah unit are associated with abundant finegrained carbonaceous sedimentary rocks and lesser silicaclastic rocks, which contrasts with the Fire Lake unit that contains very little carbonaceous material. Crosscutting and overlying the felsic rocks of the Kudz Ze Kayah unit are alkalic mafic rocks that are interpreted to be of non-arc origin (Piercey, 2001) .
Although deformed and locally recrystallized rocks in the Kudz Ze Kayah unit in places have pristine textures and PIERCEY ET AL.
0361-0128/98/000/000-00 $6.00 1882 FIG. 4 . Macroscopic features of felsic rocks from the various stratigraphic levels of the Finlayson Lake district. Scale is in centimeters. (a). K feldspar porphyritic rhyolitic flow from the Fire Lake unit with a massive matrix and small millimeterscale K feldspar phenocrysts. More photos of the rocks in the Fire Lake unit can be found in Piercey and Murphy (2000) . (b). Weakly to moderate chlorite-sericite altered K feldspar porphyritic high-level intrusive rocks from the Kudz Ze Kayah unit, containing well-preserved centimeter-scale K feldspar phenocrysts. (c). Moderately altered aphyric rhyolite flow and/or intrusion from the Kudz Ze Kayah unit with a network of millimeter-scale veinlets of sericite ± quartz. Slab is 20 cm wide. (d). Coarse-grained felsic volcaniclastic (tuffaceous) rock from the Kudz Ze Kayah unit, containing K feldspar phenocrysts in a siliceous matrix. The dark streaks within this sample are likely preserved sedimentary fragments. Note how the fabric is more strongly developed in this sample and how the feldspars are elongate into an elliptical shape. (e). Coarse-grained felsic volcaniclastic rock from unit 5f/qfp of the Wolverine succession, containing large centimeter-scale K feldspar grains (white) and slightly smaller elliptical black to blue glassy quartz grains (darker gray to black) set within a fine-grained matrix. The matrix to this sample is weakly altered to sericite and lesser chlorite. (f). Feldspar porphyritic intrusion with centimeterscale feldspars set in a siliceous matrix from unit 6 in the immediate footwall to the Wolverine VHMS deposit with very weak silica-sericite-pyrite alteration. (h). Felsic volcaniclastic rock with fine-grained quartz and feldspar crystals with minor sericite-silica-carbonate alteration. This rock in places has coarse centimeter-scale feldspar crystals and forms the immediate footwall to the Wolverine VHMS deposit . (i). Massive aphyric rhyolite from unit 6 of the Wolverine succession that forms part of the hanging wall to the Wolverine VHMS deposit. This rhyolite is very silicified and has sericitepyrite veinlets (medium gray) and carbonate veinlets (bright white, left side of the photo). These rocks are associated with iron formations and carbonate exhalative rocks and as such are typically elevated in base metals and silica relative to other rhyolites in the district.
feldspars, and deformation and metamorphism do not appear to have significantly altered the primary mineralogy. Proximal to the Kudz Ze Kayah and GP4F VHMS deposits, there is an increase in the intensity of alteration and the rocks have sericite, sericite-chlorite, and silica alteration.
Petrographically, most felsic rocks are variably deformed and have a matrix of recrystallized polycrystalline quartz ( Fig.  5b) with folia defined by muscovite (sericite) ± green to brown biotite ± oxides ± chlorite; rarely, carbonate is intergrown with matrix quartz. Rarely, quartz phenocrysts are preserved; however, in most cases they are boundinaged parallel to the dominant foliation, internally recrystallized and mantled by muscovite (± biotite ± oxide) folia. K feldspar phenocrysts are common and have variable states of preservation (Fig. 5b) . Most exhibit partial to full replacement by sericite, and some contain quartz granules replacing the feldspars. Many exhibit elongation to the fabric akin to quartz crystals (Fig. 5b) . The elongate feldspar grains are often segmented by polycrystalline veinlets of quartz ± sericite ± chlorite (Fig.  5b) . Crosscutting many of the samples are small millimeterscale veinlets of quartz and sericite.
Wolverine succession
The Wolverine succession is similar to the Kudz Ze Kayah unit in being a felsic-volcanic and subvolcanic and sedimentary rock-dominated succession; however, it is younger and has more abundant sedimentary rocks. The succession consists of a lower quartz-feldspar conglomerate unit that is overlain by FELSIC VOLCANIC ROCKS, FINLAYSON LAKE DISTRICT, YUKON, CANADA 1883 0361-0128/98/000/000-00 $6.00 1883 FIG. 5 . Photomicrographs of Finlayson Lake district felsic rocks. (a). Glomerporphyritic texture of euhedral K feldspar that is partially replaced by finer sericite within a matrix of quartz-clay minerals and sericite within unit 2 calc-alkalic rhyolites (field of view = 3.9 mm; cross-polarized light). (b). Relatively unaltered K feldspar from Kudz Ze Kayah unit FPI. The feldspar grain is deformed and shows brittle fracturing with partial infilling by clays and quartz and is surrounded by a fabric of recrystallized quartz and muscovite which wraps around the feldspar (field of view = 5.1 mm; cross-polarized light). (c). Quartz crystals within unit 5f/qfp fine-grained felsic volcaniclastic rock (tuff). A boudin of quartz crystals within this rock is partially cracked and partially wrapped by a clay-quartz-sericite matrix. Note on the bottom left of the larger grain is a smaller grain with a possible resorbed edge (field of view = 5.1 mm; cross-polarized light). (d). Well-preserved euhedral feldspar grain within a matrix of sericite and quartz from unit 6 FPI (field of view = 3.9 mm; cross-polarized light). (e). A boudined quartz grain with possible resorbed edges partially wrapped by muscovite and within a recrystallized quartz-sericite matrix from unit 6 footwall tuff from the Wolverine deposit (field of view = 5.1 mm; cross-polarized light). (f). A boudin of rare quartz phenocryst in the fabric of a unit 6 rhyolite from the hanging wall of the Wolverine deposit. Matrix contains largely recrystallized quartz, biotite, oxides (magnetite), and sericite (not visible; field of view = 3.9 mm; plane-polarized light).
a felsic volcanic-dominated unit (5f/qfp), which is in turn overlain by a regional carbonaceous phyllite (unit 5cp; see Murphy and Piercey, 1999) . The latter carbonaceous sedimentary rocks form the deeper footwall to the Wolverine VHMS deposit; the immediate footwall to the deposit consists of a felsic tuffaceous unit with high-level felsic intrusions (unit 6fw; Bradshaw et al., 2001; Piercey et al., 2001) ; the hanging wall consists of aphyric rhyolite flows interlayered with carbonaceous sedimentary rocks (unit 6hw), which are capped by basalt flows . Although the Wolverine succession is less deformed than the Kudz Ze Kayah unit , it is deformed and the original morphology and textures of the volcanic and intrusive rocks are commonly obscured. Nevertheless, in some areas macroscopic textural features are preserved.
The lowermost felsic unit within the Wolverine succession (unit 5f/qfp) consists predominantly of variably strained quartz and feldspar porphyritic felsic rocks (Figs. 4e and 5c ), interpreted to be of volcaniclastic origin (tuffs and hyaloclastitic rocks). These volcaniclastic rocks have abundant quartz and K feldspar crystals that are millimeter to centimeter scale and heterogeneously distributed within a siliceous to micaceous matrix (Fig. 4e) . In unit 5f/qfp there are also coherent rocks that are interpreted to be flows or high-level intrusions, but often their margins are deformed and flow or intrusion relationships are obscured. Typically the volcaniclastic rocks are more strained than the more coherent rocks. The coherent rocks typically have quartz phenocrysts (or filled amygdales?) and millimeter-scale euhedral to weakly strained feldspars. Notably, the rocks of unit 5f/qfp have much more abundant quartz crystals and phenocrysts than those of the Kudz Ze Kayah unit . Most felsic rocks of unit 5f/qfp have minor to moderately developed sericite alteration with some exhibiting silica alteration; rarely do they exhibit chlorite or carbonate alteration.
The footwall to the Wolverine deposit consists of felsic volcaniclastic and high-level intrusive rocks of unit 6fw (Fig. 4f-g; Bradshaw et al., 2001; Piercey et al., 2001) . Fine-to coarsegrained felsic volcaniclastic rocks form the immediate footwall to the deposit (Fig. 4g) . Locally, these volcaniclastic rocks have centimeter-scale euhedral K feldspar grains and blue, elliptical quartz eyes, which are elongate in the plane of the foliation (Fig. 5e) . Elsewhere, they consist of very fine millimeter-scale feldspar grains and micaceous material (Fig.  5e ). Also present in the footwall to the deposit are sill-like feldspar and quartz-feldspar porphyritic intrusive rocks, which are relatively undeformed and have very well preserved euhedral millimeter-to centimeter-scale K feldspar phenocrysts with or without quartz phenocrysts within a siliceous matrix (Figs. 4f and 5d ). The footwall rocks to the Wolverine deposit are variably altered. The tuffaceous rocks in the immediate footwall to the deposit can range from being relatively fresh distal to mineralization; however, proximal to the Cu-rich zones of the deposit, they have intense sericite to chlorite rich assemblages with or without carbonate alteration ). Felsic intrusions in the footwall of the deposit are less altered but do have a patchy distribution of quartz-sericite ± pyrite ± sphalerite ± chlorite ± carbonate veinlets, patchy secondary K feldspar replacement of primary K feldspar, and weak silica alteration ).
Felsic rocks above the Wolverine deposit are very distinctive and consist of highly siliceous aphyric rhyolite flows (Figs. 4h and 5f) and rhyolite breccias, minor fine-grained tuffaceous rocks, interlayered with carbonaceous sedimentary rocks, iron formation, and carbonate exhalite . The aphyric rhyolites are strongly silicified and have a siliceous matrix with partings of green waxy sericite and in places sericite-chlorite. Many of the aphyric rhyolitic rocks near the iron formation and carbonate exhalite are characterized by magnetite-pyrite-carbonate alteration in addition to silica and sericite.
Geochemistry
Least altered felsic volcanic rocks of rhyolitic to dacitic composition from the Finlayson Lake district were analyzed at the Geological Survey of Canada and details of the analytical methods are presented in the Appendix. The complete dataset for this paper has been placed in digital form in the Economic Geology data repository (Table R1 ). The averages, ranges, and 2σ errors for the different suites and lithologies are presented in Table 1 . Major and trace element ratios are presented in Table 2 .
Although attempts were made to sample least altered rocks, many samples exhibit the effects of alteration and metamorphism-particularly in samples that were collected proximal to the VHMS deposits. Given these constraints we have broken our presentation of the geochemical data into two sections, including the mobile element and the immobile element systematics. Furthermore, in Tables 1 and 2 , for ease of presentation, the data are subdivided based on their stratigraphic position (e.g., Fire Lake unit, Kudz Ze Kayah unit, and Wolverine succession) and geologic attributes (e.g., rhyolite flows, subvolcanic intrusions, and volcano-sedimentary rocks).
Mobile element systematics
Numerous workers have shown that feldspar and glass destruction, and replacement of primary phases by secondary alteration phases, are the most common reactions during hydrothermal alteration of felsic rocks in the VHMS environment (e.g., Munha et al., 1980; Saeki and Date, 1980; Hajash and Chandler, 1981; Lentz, 1999; Large et al., 2001) . Feldspar destruction reactions result in the loss of alkalis (particularly Na and Ca) during the formation of sericite (Ishikawa et al., 1976; Spitz and Darling, 1978; Munha et al., 1980; Saeki and Date, 1980) ; whereas, replacement of feldspars and sericite by fixation of Mg (±Fe) from solution to form chlorite leads to gains in Mg (±Fe) in the rocks (Saeki and Date, 1980; Hajash and Chandler, 1981; Date et al., 1983; Lentz, 1999) . These results lead us to assume that the alkalis, SiO 2 , and Fe-Mg have been mobile in the rocks of the Finlayson Lake district. Other major elements such as TiO 2 and Al 2 O 3 are considered immobile (Whitford et al., 1989; Barrett and MacLean, 1999) except under extreme conditions (Hynes, 1980; Finlow-Bates and Stumpfl, 1981 ). However, given the level of preservation of samples in this study Al 2 O 3 and TiO 2 are assumed to be immobile. The low field strength elements (LFSE; Ba, Rb, Cs, Sr) are considered mobile during hydrothermal alteration (e.g., MacLean, 1990; Lentz, 1999) and are assumed to be mobile in the rocks of the Finlayson Lake district. The rare earth elements (REE) can be mobile during intense hydrothermal alteration (e.g., Campbell et al., 1984; Valsami and Cann, 1992) , but under low-grade alteration (sericite) conditions they remain immobile (Whitford et al., 1988) , and in this study we assumed they were immobile. The exception, however, is Eu, which can be very mobile in the hydrothermal environment (Sverjensky, 1984; Whitford et al., 1988; Wood and Williams-Jones, 1994) . The high field strength elements (HFSE) appear to be immobile in nearly all circumstances (e.g., Whitford et al., 1989; MacLean, 1990; Barrett and MacLean, 1999; Lentz, 1999) with minor exceptions (e.g., Finlow-Bates and Stumpfl, 1981) . The coherent HFSE behavior in the rocks of the Finlayson Lake district suggests they remained immobile during alteration and metamorphism. By virtue of their presence as essential metallic constituents in VHMS deposits, the metals Cu, Pb, Zn, Ag, Sn, As, and Tl are considered mobile.
In Figure 6a , the samples are plotted in a total alkalies versus silica plot (Le Bas et al., 1986) , which shows that most samples retain a rhyolitic affinity but have significant scatter due to alkali mobility (Fig. 6a) . The highly silicified nature of the aphyric rhyolites results in many samples plotting outside the bounds of this diagram. In the Shand's index (Fig. 6b; Maniar and Piccoli, 1989) , most samples exhibit variable A/CNK and A/NK ratios ( Fig. 6b; Table 2 ), which suggest alkali mobility during feldspar destruction; it is likely that most of the rocks had primary A/CNK values close to 1 (cf. Lentz, 1999) . Alkali mobility is also reflected in the high Al 2 O 3 /Na 2 O ratios (Spitz and Darling, 1978) , Hashimoto alteration index values (Ishikawa et al., 1976; Date et al., 1983) , and sericite index values (Saeki and Date, 1980;  Table 2 ). On an AFM plot ( Fig.  6c ; Irvine and Baragar, 1971 ) most felsic rocks from the Finlayson Lake district appear to follow calc-alkaline trends with some exceptions (Fig. 6c) . The Fire Lake unit tholeiitic Bas et al (1986) and (b) Irvine and Baragar (1971) . (c). The Shand's index of Maniar and Piccoli (1989) and (d) . AFM plot (Irvine and Baragar, 1971) . Abbreviations: 2-QFPI = Fire Lake unit quartz-feldspar porphyritic intrusions, 2-RHY/DAC = Fire Lake unit calc-alkaline rhyolite-dacite flows, 2-T-RHY/DAC = Fire Lake unit tholeiitic rhyolite-dacite flows, 3-RHY = Kudz Ze Kayah unit aphyric rhyolites, 3-F(+Q)P = Kudz Ze Kayah unit feldspar-(+quartz) porphyritic rhyolites, 3-FT = Kudz Ze Kayah unit felsic tuffs, 5-RHY = Wolverine succession, unit 5f/qfp, rhyolite flows, 5-QFP = Wolverine succession, unit 5f/qfp, quartz-feldspar porphyritic high-level intrusions, 5-FT = Wolverine succession, unit 5f/qfp, felsic tuffs; 6-FW-FT = Wolverine succession, unit 6fw, felsic tuffs; 6-FW-QFP = Wolverine succession, unit 6fw, quartz-feldspar porphyritic intrusion, 6-HW-APRHY = Wolverine succession, unit 6hw, aphyric rhyolite flows. rhyolites-dacites plot on the tholeiitic-calc-alkaline boundary (Fig. 6c ). The Wolverine deposit aphyric rhyolites trend toward the FeO* apex of the diagram, reflecting the presence of pyrite and/or magnetite (Fig. 6c) . The geochemical data for felsic rocks of the Finlayson Lake district are illustrated in an alteration box plot in Figure 7 (Large et al., 2001 ). This diagram relates whole-rock geochemistry to potential alteration minerals present in the samples. The diagram is constructed with two alteration indices, the Hashimoto alteration index (AI; Ishikawa et al., 1976 ; see Table 2 ) to account for feldspar and glass breakdown to sericite and chlorite, and a chlorite-carbonate-pyrite index (CCPI; see Table 2 ). The diagram also provides a box for felsic rocks that are typically unaltered and fields for diagenetic and hydrothermal alteration reactions ( Fig. 7 ; Large et al., 2001) . In this diagram, the calc-alkalic rocks of the Fire Lake unit (see below) plot predominantly within the least altered box. The tholeiitic rhyolitic to dacitic rocks of the Fire Lake unit lie above the least altered box (Fig. 7) . This most likely reflects their intermediate compositions, which typically have higher least altered CCPI values (Large et al., 2001 ). Numerous rocks from the Kudz Ze Kayah unit and the Wolverine succession lie within the least altered box; however, numerous samples trend toward the sericite line (Fig. 7) . Notable is that most of the hanging-wall and footwall rocks in the Wolverine deposit have high AI and CCPI values (Table 2) .
Immobile element systematics
Throughout the Finlayson Lake district it is clear that many of the major elements and most likely the LFSE were mobile during alteration and metamorphism (see above). In this section, the immobile element geochemical features of the rocks from the Finlayson Lake district are presented in Figures 8 to  14 and Tables 1 and 2 .
Grass Lakes succession: Fire Lake unit: Felsic samples from the Fire Lake unit are those that are found primarily in the Money Creek thrust sheet and are subdivided into calc-alkaline rhyolite-dacite flows and subvolcanic intrusions and tholeiitic rhyolites. Calc-alkalic rhyolite-dacite flows from the Fire Lake unit have moderate Zr/TiO 2 (750-864) and Nb/Y (0.6-0.8) values that suggest a subalkaline affinity (Fig. 8a) . The HFSE contents (Nb, Ta, Ga, Zr, Hf, Y) within these rocks are moderate to low and are characteristic of volcanic-arc rocks (Fig. 8b-c) with I-type affinities (Fig. 8d) . Primitive mantle-normalized plots are characterized by LREE enrichment, strong negative Nb and Ti anomalies, weakly negative Eu anomalies, low Al, Sc, and V, and flat to weakly positive Zr and Hf anomalies ( Fig. 9a ; Table 2 ). The Fire Lake unit calcalkalic rhyolites have moderate Zr/Nb and Zr/Y (7.6-18.3) values, similar to published values for calc-alkalic rocks (Leat et al., 1986; Barrett and MacLean, 1999; Fig. 10b ; Table 2 ). The calc-alkaline rhyolites have moderate Zr/Sc (26.4-43.4) and Zr/TiO 2 (750-864) ratios (Fig. 10c-d ), moderate to low Ti/Sc (1491-347) ratios, and moderate to high Nb/Ta values (15.9-17.4; Table 2 ).
The geochemical attributes of the calc-alkalic quartzfeldspar porphyritic intrusions are very similar to the calc-alkalic rhyolite flows with similar volcanic-arc (I-type) affinities ( Abbreviations: FLU-2f prefix = Fire Lake unit felsic rocks, QFP-I (ca) = calc-alkaline quartz-feldspar porphyritic intrusion, RHY/DAC (ca) = rhyolite-dacite (calc-alkaline), RHY/DAC (t) = rhyolitedacite (tholeiitic), KZK-3 prefix = Kudz Ze Kayah unit, RHY = rhyolite, F±Q-PI = feldspar ± quartz porphyritic intrusion, FT (f ± q) = felsic tuff (feldspar ± quartz), WV-5f/qfp prefix = Wolverine Succession unit 5f/qfp, RHY (±qfp) = rhyolite (±quartz and feldspar porphyritic), QFP-I = quartz-feldspar porphyritic intrusion, FT (qfp) = felsic tuff (quartz-feldspar porphyritic), WV-6 prefix = Wolverine Succession unit 6, APHRY = aphyric rhyolite 1 TZrSat = zircon saturation temperature (Watson and Harrison, 1983) Abbreviations as in (Pearce, 1996) of Winchester and Floyd (1977), (b) . Nb-Y, and (c). Ta-Yb plots of Pearce et al. (1984) . (d). Ga/Al-Zr plot of Whalen et al. (1987) . Symbols as in Figure 6 . with less strongly developed Zr and Hf anomalies ( Fig. 9 ; Table 2 ). The intrusions, however, have lower Nb/Ta (12.3-13.4) and Zr/Hf (39.7-37.1) values and higher Ti/Sc (174-329) values than the calc-alkalic flows ( Table 2 ). In Nb-Y and Ta-Yb space, the tholeiitic flows lie more toward the ocean-floor field and are not within the continuous array from the volcanic-arc to within-plate fields, reflecting their low Nb and Ta values ( Fig. 8b-c ; Table 1 ). The Ga/Al ratios of the tholeiitic rocks straddle the I/S-to A-type boundary with moderate Zr contents (Fig. 8d) . The primitive mantle-normalized plot of the tholeiitic flows has a flatter pattern than the calc-alkalic rocks with minor LREE enrichment; however, like the calc-alkalic suites they have strong negative Nb and Ti anomalies (Nb/Nb* = 0.40-0.47; Ti/Ti* = 0.07-0.15) and depletions in Al, Sc, and V (Fig. 9c) . Table 2 ).
Grass Lakes succession: Kudz Ze Kayah unit: The felsic rocks from the Kudz Ze Kayah unit have remarkable similarities in their geochemical characteristics regardless of lithology and as such are treated geochemically as a common entity. When compared to the Fire Lake unit felsic rocks, the Kudz Ze Kayah unit has higher Zr/TiO 2 (630-2,185) and Nb/Y (0.4-1.1) ratios that straddle the alkaline-subalkaline boundary (Nb/Y = 0.7; Fig. 8a ; Table 2 ). The Kudz Ze Kayah unit rocks have elevated HFSE (Table 1 ) and plot in the fields for within-plate felsic rocks (Fig. 8b-c) , with predominantly Atype affinities (Fig. 8d ) and more specifically crustally derived A-type felsic rocks (Fig. 11) . The primitive mantle-normalized patterns of the Kudz Ze Kayah unit rocks are very similar to calc-alkalic rocks of the Fire Lake unit, with LREE enrichment, negative Nb and Ti anomalies, depletions in Al, Sc, and V, weakly negative to strongly positive Zr and Hf anomalies, and strongly negative Eu anomalies (Fig. 12) . Although the patterns are similar in shape to Fire Lake unit calc-alkalic rocks, they are characterized by higher total REE and HFSE and are shifted upward relative to those of the Fire Lake unit (Fig. 12) . The HFSE enrichment in these rocks is illustrated by the moderate covariation of Zr and Nb; with some samples having very high Zr and Nb contents (Zr >500 ppm), typical of peralkalic rocks ( Fig. 10a ; Leat et al., 1986) . The Kudz Ze Kayah unit has a wide variation in Zr/Y (3.3-17.7) ratios, but average values are transitional to calc-alkalic ( Fig. 10b ; Table  2 ; Barrett and MacLean, 1999) . Of significant importance is that felsic rocks of the Kudz Ze Kayah unit exhibit a strong covariation of Zr with Sc and Ti (Fig. 10c-d) , accompanied by very high 3) and Zr/TiO 2 (630-2,185) ratios (Table 2) . These high ratios result in distinctive trends relative to the Fire Lake unit rocks and the hanging-wall rhyolites from the Wolverine deposit (Fig. 10c-d) . The Kudz Ze Kayah unit rocks also have high Th contents when compared to the Fire Lake unit felsic rocks (Table 1) . The Ti/Sc ratios (64-537) of the Kudz Ze Kayah felsic rocks overlap but have average values much higher than the Fire Lake unit felsic rocks; the average Nb/Ta values (11.6-17.8) of the Kudz Ze Kayah unit felsic rocks are similar to rocks derived from continental crust (Nb/Ta ~11-12 and <17; 0361-0128/98/000/000-00 $6.00 1890 Sun and McDonough (1989) . Symbols as in Figure 6 .
0361-0128/98/000/000-00 $6.00 1891 . Nb-Y-3*Ga plots of Eby (1992) to illustrate the crustal A-type nature of the felsic rocks of the Kudz Ze Kayah unit and the footwall Wolverine succession. Symbols as in Figure 6 . McLennan, 1985; Green, 1995; Wedepohl, 1995; Barth et al., 2000) .
Wolverine succession: Unit 5f/qfp: Felsic rocks from unit 5f/qfp from the Wolverine succession have geochemical attributes remarkably similar to those from the Kudz Ze Kayah unit. There is considerable geochemical coherency between the different lithologies within unit 5f/qfp. The unit 5f/qfp felsic rocks have high Zr/TiO 2 (391-1,067) and Nb/Y (0.4-1.0) values that straddle the alkaline-subalkaline boundary ( Fig.  8a ; Table 2 ). Unit 5f/qfp rocks are HFSE enriched and straddle the field for within-plate to volcanic-arc rocks (Fig. 8b-c) , with features typical of A-to fractionated I/S-type granitoids (Figs. 8d and 11) . Their primitive mantle-normalized signatures are characterized by LREE-enriched patterns, negative Nb and Ti anomalies, variably negative Eu anomalies, and depletions in Al, Sc, and V (Fig. 13) . The Zr/Y ratios (2.2-12.9) of the rhyolite flows vary, likely due to Zr compatibility (Watson and Harrison, 1983) , but average values are transitional ( Fig. 10b ; Table 2 ; Barrett and MacLean, 1999) . Similar to the Kudz Ze Kayah unit felsic rocks, the unit 5f/qfp rocks have a moderately strong correlation of Zr with Sc and Ti and correspondingly high Zr/Sc (29.9-84.2) and Zr/TiO 2 (391-1,067) ratios ( Fig. 10c-d ; Table 2 ). The Ti/Sc values (200-473) of unit 5f/qfp felsic rocks are high (Table 2 ) and are similar to those for the upper continental crust (Taylor and McLennan, 1985; Wedepohl, 1995) . The Nb/Ta values of the unit5f/qfp rocks are low and overlap values for the continental crust (~11-12; Table 2 ; Taylor and McLennan, 1985; Green, 1995; Wedepohl, 1995; Barth et al., 2000) .
Wolverine succession: Unit 6: Felsic rocks of unit 6 comprise the footwall and hanging wall to the Wolverine VHMS deposit. Both the footwall intrusions and tuffaceous rocks have similar geochemical attributes with high Zr/TiO 2 (559-1,220) and moderate Nb/Y values (0.5-1.1; Fig. 8a) , with HFSE systematics typical of within-plate volcanic-arc rocks (Fig. 8b-c) , and crustally derived A-type felsic rocks (Figs. 8d and 11 ). Primitive mantle-normalized plots for these rocks are characterized by LREE enrichment, negative Nb and Ti anomalies, negative but erratic Eu anomalies, and depletions in Al, Sc, and V ( Fig. 14a-b ; Table 2 ). The footwall felsic rocks have high Zr and Nb contents (Table 2; Fig. 10a ) and varying Zr/Y ratios (3.4-14.7) that are on average transitional to calc-alkalic in nature ( Fig. 10b; Table 2 ). These felsic rocks also have high Zr/Sc (40.4-84.7) and Zr/TiO 2 (559-1,220) values similar to the unit 5f/qfp and Kudz Ze Kayah unit felsic rocks ( Fig. 10c-d ; Table 2 ). The Ti/Sc ratios (248-417) for the footwall rocks are similar to values for the continental crust, and Nb/Ta values (10.4-17.1) vary but are typical of rocks derived from continental crust ( Table 2 ; Taylor and McLennan, 1985; Green, 1995; Wedepohl, 1995; Barth et al., 2000) .
The aphyric rhyolites in the hanging wall of the Wolverine deposit have very distinctive geochemical features when compared to most other felsic rocks of the Finlayson Lake district. The Wolverine aphyric rhyolites have distinctly low Zr/TiO 2 (181-591) values and subalkalic Nb/Y (0.2-0.9) ratios ( Fig.  8a ; Table 2 ). The HFSE contents of the aphyric rhyolites are also low and the samples plot within as volcanic-arc felsic rocks (Fig. 8b-c) . The moderate Ga/Al ratios in the aphyric rhyolites are due to their low Al 2 O 3 contents, which results in them plotting on the boundary of the I/S-to A-type field with moderate low Zr contents (Fig. 8d) . The primitive mantlenormalized plot of the aphyric rhyolites is flatter than the footwall rocks and is less LREE enriched but still exhibits negative Nb and Ti anomalies (Fig. 14c) . Aluminum and Sc
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0361-0128/98/000/000-00 $6.00 1892 are relatively depleted in these rocks, but notably the V values are elevated relative to Sc that suggests possible magnetite accumulation (Fig. 14c) . The aphyric rhyolites have intermediate Zr/Nb values and the average Zr/Y (2.4-10.0) values are transitional ( Fig. 10a-b ; Table 2 ). Zirconium covaries with Ti and Sc but with much lower Zr/Sc (3.5-27.7) and Zr/TiO 2 (181-591) values when compared to all other felsic rocks in the Finlayson Lake district ( Fig. 10c-d ; Table 2 ). The average Ti/Sc values (0-370) of the aphyric rhyolites are very low, and the average Nb/Ta values are highly variable (8.5-18.5; Table 2 ; Taylor and McLennan, 1985; Green, 1995; Wedepohl, 1995; Barth et al., 2000) . 
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b). Footwall felsic volcaniclastic rocks (tuffs). (c).
Hanging-wall aphyric rhyolite flows. Primitive mantle values from Sun and McDonough (1989) . Symbols as in Figure 6 .
Discussion
Petrogenesis and tectonic setting of felsic rocks in the Finlayson Lake district
Fire Lake unit: The geochemical and geological features of felsic rocks in the Fire Lake unit are consistent with formation within an ~365 to 360 Ma (Mortensen, 1992a, b; Grant, 1997) continental margin-arc setting. The HFSE-and REEdepleted signatures of these rocks, coupled with negative Nb and Ti anomalies on primitive mantle-normalized plots, are similar to felsic rocks formed in arc environments (e.g., Pearce and Peate, 1995) . Some workers have shown, however, that Nb and Ti depletions and arc signatures in felsic rocks can originate from remelting of rocks with arc parentage (e.g., Whalen et al., 1998; Morris et al., 2000) and can arise from the fractionation of HFSE-enriched accessory phases (e.g., Green and Pearson, 1987; Ryerson and Watson, 1987; Lentz, 1999) , regardless of tectonic setting. Nevertheless, the felsic rocks of the Fire Lake unit are stratigraphically interlayered and magmatically comingle with calc-alkalic and island-arc tholeiitic mafic rocks (Piercey and Murphy, 2000) , typical of rocks from arc environments, suggesting they represent formation within a Devonian-Mississippian arc system. Grant (1997) suggested that this Devonian-Mississippian arc magmatism in the Yukon-Tanana terrane was built upon a composite basement; the evidence was primarily based on the mixture of juvenile and evolved geochemical and isotopic features exhibited by the sedimentary rocks and felsic and mafic rocks of the Fire Lake unit. Some key HFSE ratios (Ti/Sc and Nb/Ta) support the possibility of a composite basement to this arc. For example, felsic volcanic rocks of the Fire Lake unit have greater Nb/Ta (15.9-21.7) and lower Ti/Sc values than most other rocks of the Finlayson Lake district (Table 2) . It has been established that mantle and mantlederived rocks typically have Nb/Ta values of ~17.5 (Sun and McDonough, 1989; Green, 1995) , whereas the continental crust and rocks derived from it have values of ~11 to 12 (Taylor and McLennan, 1985; Green, 1995) . The high Nb/Ta values (20.0-21.7) for the tholeiitic rhyolitic rocks and the lower but still high Nb/Ta values (15.9-17.4) for the calc-alkaline rhyolitic flows suggest possible derivation from mafic or mantle-like crustal sources. This is also supported by the Ti/Sc ratios of the volcanic rocks. As Sc is more compatible than Ti, mafic or mantle-derived crustal sources will have lower Ti/Sc values than more felsic sources. The tholeiitic and calc-alkaline rhyolite flows of the Fire Lake unit have distinctly lower Ti/Sc values than most other felsic rocks in the Finlayson Lake district (Table 2) , supporting derivation from possible mafic or mantle-like crustal sources. An equally viable alternative for the Nb/Ta and Ti/Sc behavior is that the Fire Lake unit felsic volcanic rocks are mafic melts that have been contaminated by continental crust during emplacement. Preliminary Nd isotope data on the tholeiitic and calc-alkalic rhyolites (εNd 350 = +0.11 to -4.80; Piercey, 2001) would support either hypothesis.
The quartz-feldspar porphyritic intrusions in the Fire Lake unit have distinctly lower Nb/Ta (12.3-13.4) and higher Ti/Sc (174-329) values than the felsic volcanic rocks with values similar to the continental crust (Taylor and McLennan, 1985; Green, 1995; Wedepohl, 1995; Barth et al., 2000) . Grant (1997) documented an εNd 350 value of -12.8 for a Fire Lake unit quartz-feldspar porphyritic intrusion in the Money Creek thrust, and Mortensen (1992b) documented inherited Proterozoic zircon in a Money Creek thrust quartz-feldspar porphyry, both of which support their derivation from evolved continental crust. The greater crustal signature in the quartzfeldspar porphyritic intrusions relative to the volcanic rocks may be due to a longer crustal residence time for the intrusions, allowing them to interact more extensively with continental crust.
In summary, the felsic rocks of the Fire Lake unit are associated with bimodal volcanism with calc-alkaline and tholeiitic affinities that are interpreted to have formed within a Devonian-Mississippian arc system built upon a composite basement. Whether or not this arc was developed on the distal edge of the North American craton (e.g., Mortensen, 1992a; Creaser et al., 1997 ) is presently uncertain.
Kudz Ze Kayah unit: The felsic rocks of the Kudz Ze Kayah unit are very distinctive when compared to those in the Fire Lake unit or those in the hanging wall of the Wolverine deposit; the felsic rocks of the Kudz Ze Kayah unit and in the footwall of the Wolverine deposit have higher HFSE and ΣREE contents and HFSE ratios (Tables 1 and 2) , suggesting different petrogenetic origins. The Nb/Ta (avg = 11.6-15.8) and Ti/Sc (avg = 313-345) ratios of the Kudz Ze Kayah unit are notably lower and higher, respectively, relative to Fire Lake unit felsic rocks and very similar to values for the continental crust (~11-12). The close similarity of these ratios to those of the continental crust is consistent with the hypothesis that Kudz Ze Kayah unit felsic rocks are derived from continental crustal melting. This hypothesis is further supported by the ubiquitous occurrence of inherited Proterozoic zircon in these felsic rocks (Mortensen, 1992a) and evolved Nd isotope signatures (εNd t = -7.8 to -8.5; Piercey, 2001) . Isotopic data for coeval plutonic rocks in the Grass Lakes suite granitoids ( The origin of the Kudz Ze Kayah unit felsic rocks from melting continental (or continent derived) crust is significant because the nature of this melting event likely controlled the HFSE-REE characteristics of these rocks. In the continental crust, most HFSE and REE in the continental crust reside in HFSE-enriched accessory minerals (Green and Pearson, 1987; Ryerson and Watson, 1987; Bea, 1996a, b) . The efficiency of melting and dissolution of these minerals during crustal melting will control the HFSE-REE budget of the felsic magma (e.g., Watson and Harrison, 1983; Bea, 1996a, b) . Numerous workers have shown that during crustal melting, the HFSE-REE budget of the melts is strongly controlled by the temperature of crustal fusion (Watson and Harrison, 1983; Whalen et al., 1987; Creaser and White, 1991; Bea, 1996a, b; Watson, 1996) . The high HFSE and REE contents of the Kudz Ze Kayah unit felsic rocks suggest that the HFSE-REE budget reflects high-temperature melting of continental crust and efficient dissolution of HFSE-REE-enriched accessory phases. A high-temperature crustal melt origin is partly supported by the zircon saturation temperatures (Watson and Harrison, 1983 ) of the felsic rocks. Zircon saturation temperatures reflect the temperature at which zircon saturates in a melt (Watson and Harrison, 1983) . Some workers have interpreted zircon saturation temperatures to approximate the emplacement temperature of felsic magmas (Barrie, 1995) and notably the Kudz Ze Kayah unit felsic rocks have high zircon saturation temperatures (avg Zr saturation temperatures > 837°C; Table 2 ) supportive of a high-temperature crustal melt origin.
The elevated HFSE contents in the Kudz Ze Kayah unit felsic rocks also results in high HFSE/compatible element ratios. Specifically, the Kudz Ze Kayah unit felsic rocks have distinctive trajectories and high Zr/Sc and Zr/TiO 2 ratios similar to the felsic rocks from the footwall of the Wolverine deposit but distinctive from those in the Fire Lake unit and hanging wall of the Wolverine deposit ( Fig. 10c-d ; Table 2 ). Barrett and MacLean (1999) have suggested that covarying Zr-TiO 2 arrays can reflect mass changes of a single homogeneous protolith. Although there is most likely some component of mass change in the Kudz Ze Kayah unit rocks, the common incompatible element denominator (Yb) in these plots (Fig.  10c-d) suggest that the covarying Zr-Sc and Zr-TiO 2 arrays cannot be accounted for solely by mass change. Therefore this requires an alternative interpretation. In the Bathurst mining camp, Lentz (1996 Lentz ( , 1999 found similar Zr-Sc and ZrTiO 2 arrays and high Zr/Sc and Zr/TiO 2 ratios in many VHMS-related felsic rocks and attributed the variations to different temperatures of crustal fusion. Furthermore, Lentz (1999) and Whalen et al. (1998) found that the Bathurst mining camp VHMS-related felsic rocks had elevated HFSE and REE contents similar to the Kudz Ze Kayah unit rhyolites and attributed these to high-temperature crustal fusion. These studies and the data presented herein suggest that the HFSEcompatible element systematics in the Kudz Ze Kayah unit felsic rocks represent thermal controls on crustal melting rather than mass change variations.
The geochemical systematics of the Kudz Ze Kayah unit felsic rocks suggest a fundamentally different tectonic setting for these rocks relative to the Fire Lake unit rocks. Mortensen (1992a) suggested that granitoids of the Grass Lakes suite in the Kudz Ze Kayah unit reflected magmatism within a westfacing volcano-plutonic arc complex of Devonian-Mississippian age. This interpretation could be bolstered by the negative Nb and Ti anomalies on primitive mantle-normalized plots (Fig. 12) of the Kudz Ze Kayah unit felsic rocks. However, many workers have shown that these signatures can arise from the remelting or arc crust (Whalen et al., 1998; Morris et al., 2000) and/or from the fractionation of HFSE-and Ti-enriched phases (Green and Pearson, 1987; Ryerson and Watson, 1987; Lentz, 1999) . The possibility of Ti-rich phase crystallization is supported in part by the broadly inverse relationship of the size of the negative Nb anomaly (primitive mantle-normalized Th/Nb) to TiO 2 and Sc (Fig. 15a-b) , suggesting that the signature does not necessarily reflect an arc signature. The evidence for a crustal melting history also suggests that the negative Nb signature might be inherited from its crustal source as the upper continental crust has a negative Nb anomaly on primitive mantle-normalized plots (Taylor and McLennan, 1985) . Other lines of evidence also support a back-arc setting. For example, the Kudz Ze Kayah unit felsic rocks are intercalated with voluminous carbonaceous sedimentary rocks of basinal character and are crosscut and overlain by HFSE-enriched weakly alkaline mafic rocks with ocean-island basalt signatures (Piercey, 2001) . The presence of VHMS mineralization also provides indirect evidence for a back-arc or nonarc setting because in the modern environment, most hydrothermal vent sites are located in non-arc settings (e.g., Herzig and Hannington, 1996; Hannington et al., 1995) .
The geological and geochemical characteristics of the Kudz Ze Kayah unit suggest formation within a back-arc basin environment. Mortensen (1992a) suggested that DevonianMississippian Yukon-Tanana terrane arc magmatism formed above a west-facing (east-dipping) subduction zone proximal to, but not necessarily part of, North America. The felsic rocks in the Kudz Ze Kayah unit most likely reflect rifting and subsequent ensialic back-arc basin generation within this arc. The formation of the Kudz Ze Kayah unit back-arc environment most likely involved the westward migration of the Mortensen (1992a) The inverse relationship between the size of the negative Nb anomaly and TiO 2 and Sc suggests that the anomaly may be in part reflective of Ti-Sc phase crystallization (e.g., magnetite, ilmenite) as these minerals have high partition coefficients for the HFSE (Green and Pearson, 1987; Ryerson and Watson, 1987) . Symbols as in Figure 6 . magmas of unit 4 (Piercey, 2001) , resulted in high-temperature melting of continental crust and the formation of the felsic rocks in the Kudz Ze Kayah unit. Devonian-Mississippian arc rifting and the synvolcanic faults associated with it (Murphy and Piercey, 2000) are interpreted to have been the regional-scale controls on the localization and formation of the Kudz Ze Kayah and GP4F VHMS deposits (Murphy and Piercey, 2000) .
Wolverine succession: The felsic volcanic rocks of the Wolverine succession show considerable variation. Rocks in the footwall of the Wolverine deposit have high HFSE-REE contents similar to the Kudz Ze Kayah unit rocks, whereas those in the hanging wall have distinctive systematics and lower REE and HFSE contents. Rocks in the footwall of the deposit have Ti/Sc and Nb/Ta ratios similar to values for the continental crust (Table 2) , inherited Proterozoic zircon (Mortensen, 1992a) , and evolved Nd isotope signatures (εNd t = -7.8 to -8.2; Piercey, 2001 ). These features all indicate an origin from high-temperature melting of continental crust similar to rocks from the Kudz Ze Kayah unit.
The hanging-wall aphyric rhyolites in the Wolverine deposit have lower HFSE and REE contents and distinct trajectories in Zr-Sc and Zr-TiO 2 space (Fig. 10c-d ) compared to all other felsic rocks in the Finlayson Lake district. The covariation between Zr and Sc and TiO 2 in these rocks has been interpreted to reflect mass changes (Barrett and MacLean, 1999) or differential temperatures of crustal fusion (Lentz, 1999) . The silicified nature of the aphyric rhyolites points to a possible role for mass change; however, the ratio plots in Figure 10c -d minimize this mass effect by having a common incompatible element denominator (Yb). Therefore, the lower Zr-Sc and Zr-TiO 2 trajectories and accompanying Zr/Sc and Zr/TiO 2 ratios must reflect processes other than mass change. The lower HFSE and REE contents, and Zr/Sc and Zr/TiO 2 ratios, for the aphyric rhyolites may reflect melting of the same crustal source as the footwall rocks but at lower temperatures (e.g., Lentz, 1996 Lentz, , 1999 Watson, 1996) . Lentz (1996 Lentz ( , 1999 proposed a similar explanation for felsic rocks of the Bathurst mining camp. This hypothesis is partly supported by Zr saturation temperatures (Table 2 ). An alternative hypothesis is that the footwall and hanging-wall felsic rocks were derived from different crustal sources (e.g., Fire Lake unit felsic rocks). Preliminary Nd isotope data, however, illustrate that there is very little difference between the footwall tuffs (εNd t = -8.2) and the hanging-wall aphyric rhyolites (εNd t = -7.1; Piercey, 2001) , supporting possible differential temperature melting of a common evolved crustal source. Equally viable, however, is the mixing of HFSE-depleted mafic magmas with abundant crustal material that could yield HFSE depletions yet similar Nd isotope signatures (e.g., Lentz, 1998) . Given that the mafic magmas that overly the aphyric rhyolites have HFSE-depleted N-MORB signatures (Piercey, 2001) , mixing of such a magma with evolved crust could possibly yield the signatures observed in the aphyric rhyolites (e.g., Lentz, 1998) .
The geological and geochemical features of footwall felsic rocks from the Wolverine deposit are identical to those of the Kudz Ze Kayah unit and suggest the persistence of a similar ensialic back-arc rift-basin geological environment. However, the two units are separated by an angular unconformity, and temporal constraints suggest that the Wolverine succession is younger than the Kudz Ze Kayah unit (Mortensen, 1992a) . Although the lower part of the Wolverine succession had a setting similar to the Kudz Ze Kayah unit there are fragments of rocks from the Kudz Ze Kayah unit in the basal unit of the Wolverine succession , requiring a period of uplift, erosion, and disruption of Kudz Ze Kayah unit back-arc magmatism before the commencement of Wolverine succession back-arc magmatism. Murphy (1998) has documented evidence for localized compression in the upper parts of the Grass Lakes succession. This localized deformation episode was most likely responsible for the uplift and disruption of back-arc magmatism and may have been due to slab trajectory changes (e.g., Uyeda and Kanamori, 1979; Hawkins et al., 1984) or localized plate reorganizations that induced a brief compressive episode.
The back-arc setting for the Wolverine succession is further supported by basaltic rocks in the hanging wall of the Wolverine deposit, near the top of the Wolverine succession. These basalts stratigraphically overlie the aphyric rhyolitic rocks and are characterized by MORB geochemical signatures (Piercey, 2001) . The occurrence of MORB-type basalts suggests that the Wolverine back-arc basin most likely evolved to full sea-floor spreading. How wide this basin eventually opened is uncertain since much of this record may have been removed by the unconformable overlap of the late Paleozoic Campbell Range succession (Murphy, 2001 ).
Modern and ancient analogues to the Finlayson Lake district
Understanding the setting of ancient VHMS districts is often aided by their comparison to similar ancient districts and modern analogues (e.g., Hannington et al., 1995; Herzig and Hannington, 1996) . Felsic-associated VHMS deposits from the Finlayson Lake district have features similar to the Cambro-Ordovician Mount Windsor subprovince of Australia, the Bathurst district of Canada, and possibly the modern day Okinawa trough of Japan.
The Mount Windsor subprovince exhibits strong similarities to the Finlayson Lake district. First, both districts have similar lower stratigraphic assemblages consisting of continent-derived sedimentary material (Puddler Creek Formation vs. unit 1 of the Grass Lake succession) (e.g., Berry et al., 1992; Murphy and Piercey, 1999, 2000) . Stoltz (1995) suggested that felsic volcanic rocks in the Mount Windsor district were the products of partial melting of Precambrian crustal basement (εNd t = -4.7 to -12.8) due to slab roll back and generation of an intracontinental back-arc basin. A similar petrogenetic origin and geodynamic setting is proposed for the VHMS-related felsic volcanic rocks of the Finlayson Lake district. However, the relationship of VHMS mineralization to felsic volcanism in the Mount Windsor subprovince differs from that of the Finlayson Lake district. For example, unlike the Kudz Ze Kayah, GP4F, and Wolverine deposits, which are hosted by felsic volcanic rocks, the Mount Windsor Group deposits occur either at the contact between the felsic-dominated Mount Windsor Formation and the overlying basalt-andesitedacite-rhyolite-volcaniclastic-dominated Trooper Creek Formation (e.g., Thalanga deposit) or are hosted within the Trooper Creek Formation (e.g., Highway-Reward deposit; Berry et al., 1992; Stoltz, 1995; Doyle and Huston, 1999) . Furthermore, the felsic volcanic rocks within the Mount Windsor subprovince do not exhibit HFSE contents that are as highly elevated as those of the Finlayson Lake district (see Stoltz, 1995; Lentz, 1998) , suggesting a possible lower temperature of crustal fusion. Regardless of these differences, the overall volcano-sedimentary character of the succession, the nature and interpreted origin of the felsic volcanism, formation upon Precambrian continental (or continent-derived) basement, and the intracontinental back-arc basin-rift environment are analogous to the Finlayson Lake district.
The Ordovician Bathurst mining camp in Canada is the best ancient analogue to the Finlayson Lake district in terms of stratigraphy, geochemistry, and geodynamic setting. The Bathurst mining camp is characterized by a lower continent derived sedimentary sequence (Miramichi Group), which is disconformably overlain by the felsic volcanic and sedimentary rocks of the Tetagouche Group (van Staal et al., 1991 (van Staal et al., , 1992 . The Tetagouche Group consists of two packages of felsic volcanic and sedimentary rocks (Nepisiguit Falls and Flat Landing Brook Formations; van Staal et al., 1991 van Staal et al., , 1992 , which are strikingly similar to the rocks of the Finlayson Lake district, and host the massive sulfide deposits of the Bathurst mining camp. Although the deposits of the Bathurst mining camp are larger and have greater tonnage (McCutcheon, 1992) , their volcano-sedimentary setting is similar to the Wolverine, GP4F, and Kudz Ze Kayah deposits of the Finlayson Lake district (e.g., Shultze, 1996; Bradshaw et al., 2001) . Some VHMS deposits also exhibit strong similarities. For example, the Wolverine deposit bears strong similarities to the Brunswick 12 deposit, including the abundance of carbonaceous rocks in the host stratigraphy, including those proximal to the massive sulfides (anoxic basin?; cf. Goodfellow and Peter, 1996) , the presence of felsic volcanic and volcaniclastic rocks with similar physical and chemical compositions (Lentz, 1999; this study) , and the abundance of iron formation and exhalative sedimentary rocks Bradshaw et al., 2001 ).
Felsic volcanic rocks from the Bathurst mining camp and the Finlayson Lake district are virtually indistinguishable chemically. The felsic rocks from the Tetagouche Group, the Kudz Ze Kayah unit, and the footwall Wolverine succession are characterized by similar HFSE-REE systematics, and they are interpreted to have similar petrogenetic origins and to have formed in a similar tectonic setting (e.g., Lentz, 1999; this study). For example, van Staal et al. (1991) suggested that much of the felsic volcanic rocks of the Tetagouche Group arose from melting of crust due to asthenospheric underplating during continental arc rifting. Lentz (1999) suggested a two-stage crustal melting model within a continental arc rift to ensialic back-arc environment. Whalen et al. (1998) suggested that the felsic metavolcanic and metaplutonic rocks of the Tetagouche Group were formed in an environment where arc activity was shut off due to arc rifting or ensialic back-arc basin generation. Overall, the stratigraphy, deposit characteristics, felsic volcanic geochemistry, and tectonic setting of the Bathurst mining camp are similar to the Finlayson Lake district and provide one of the best analogues.
Modern analogues of felsic volcanic-and volcano-sedimentary-hosted VHMS districts are rare (e.g., Halbach et al., 1989 Halbach et al., , 1993 . The Okinawa trough has been cited as a potential analogue to both the Bathurst district (Whalen et al., 1998; Lentz, 1996 Lentz, , 1999 and the Mount Windsor subprovince (Stoltz, 1995) . The Okinawa trough is an intracontinental back-arc basin southwest of Japan that hosts Kurokostyle VHMS deposits (JADE field) within a bimodal assemblage of basalt-andesite-dacite-rhyolite and sedimentary rocks (Stoltz, 1995) . The setting and stratigraphy may be analogous to the Finlayson Lake district, and the metal inventory of the sulfide mineralization within the JADE field has somewhat similar mineralogy and local Au and Ag enrichment (Halbach et al., 1989 (Halbach et al., , 1993 , akin to the deposits of the Finlayson Lake district (e.g., Shultze, 1996; Tucker et al., 1997; Bradshaw et al., 2001) . Similarly, E-MORB and OIB mafic magmatism within the Okinawa trough (Ishizuka et al., 1990; Chen et al., 1995; Shinjo, 1999; Shinjo et al., 1999 ) is similar to the mafic magmatism spatially associated with the felsic VHMS deposits in the Finlayson Lake district (Piercey, 2001) .
There are, however, numerous differences between the Okinawa trough and the Finlayson Lake district. First, the geochemical attributes of the felsic rocks of the Okinawa trough are quite different from those in the Finlayson Lake district. For example, Ishizuka et al. (1990) suggested that the felsic volcanic rocks of the Okinawa trough were derived from island-arc-type source material with HFSE depletion unlike most VHMS-associated felsic rocks of the Finlayson Lake district (Kudz Ze Kayah unit and footwall Wolverine succession). Similarly, Shinjo and Kato (2000) Nd/ 144 Nd isotope ratios (Shinjo and Kato, 2000) . These workers have also suggested derivation of the Okinawa trough felsic rocks from fractional crystallization of basaltic material or AFC processes (Shinjo and Kato, 2000) , rather than derivation from crustal melting of evolved older crust, as proposed for the VHMS-associated felsic rocks of the Finlayson Lake district. There are also important differences in the geology of the Okinawa trough. For example, the abundance of sedimentary rocks associated with the Finlayson Lake district is not present in the Okinawa trough (e.g., Halbach et al., 1993) . Similarly, the abundance of carbonaceous rocks and possibly anoxic bottom waters during formation of some of the VHMS deposits of the Finlayson Lake district (e.g., Goodfellow and Peter, 1996; Bradshaw et al., 2001) are not present in the deposits of the Okinawa trough (e.g., Halbach et al., 1993) . Given these differences between the Finlayson Lake district and the Okinawa trough there may not be an exact modern analogue to the Finlayson Lake district. Nevertheless, the Okinawa trough provides the best modern geodynamic analogue to the Finlayson Lake district.
Comparisons to the geochemistry of felsic volcanic rocks in Archean and Phanerozoic VHMS environments
Numerous workers have used felsic volcanic geochemistry in an attempt to decipher prospective versus nonprospective volcanic environments for VHMS deposits (e.g., Lesher et al., 1986; Barrie et al., 1993; Lentz, 1998) . These prospectivity indexes were based on immobile HFSE-REE ratios and, in particular, the Zr/Y and La/Yb n ratios of felsic rocks to delineate ore-bearing versus barren felsic volcanic rocks. Lesher et al. (1986) noted that most VHMS deposits in the Abitibi greenstone belt were associated with tholeiitic felsic rocks with intermediate to high HFSE and REE, low Zr/Y and La/Yb n ratios (Fig. 16a, b) . They further suggested that these ratios are characteristic of felsic rocks generated at high crustal levels that are associated with subvolcanic intrusive systems. The latter were interpreted as the source of heat for hydrothermal circulation (Lesher et al., 1986) . Barrie et al. (1993) Lesher et al. (1986) . FI, FII, FIIIa, and FIIIb are different felsic volcanic groupings, with the FIIIa and FIIIb most prospective, FII moderately prospective, and FI least prospective. Groupings in (c) and (d) are Archean Superior province felsic volcanic groupings from Barrie et al. (1993) . Gray shaded fields are VHMS-bearing sequences. Groupings in (e) and (f) are for Phanerozoic VHMS environments from Lentz (1998) . All of these groupings contain VHMS mineralization. Symbols as in Figure 6 . the study of Lesher et al. (1986) to the bulk of the Abitibi subprovince and found similar results (Fig. 16c, d) . Lentz (1998) showed that the Phanerozoic VHMS-associated felsic rocks have HFSE-REE systematics broadly similar to Archean examples (Fig. 16e, f) . Felsic rocks from the Finlayson Lake district are compared to the fields for these different Archean and Phanerozoic prospectivity indexes (Fig. 16) . If one considers the felsic rocks of the Kudz Ze Kayah unit and the rocks of the footwall to the Wolverine deposit to be the VHMS-hosting felsic rocks (prospective) in the Finlayson Lake district, then these rocks partly overlap the FII and FIIIa fields of Lesher et al. (1986) and the Selbaie, Noranda, and Misema fields of Barrie et al. (1993;  Fig. 16a, c) . However, there is significant scatter in the Zr/Y-Y systematics of the Finlayson Lake district felsic rocks that reflects partial compatibility or melt kinetic-thermal control on the HFSE distribution (Watson and Harrison, 1983) . The La/Yb n systematics of the Finlayson Lake district rocks are less scattered and partly overlap the FII and Selbaie fields (Fig. 16b, d ). However, for the most part they lie within fields for less productive or barren sequences trending toward higher La/Yb n values (Fig. 16b, d) . When compared to Phanerozoic indexes, a similar scattering of Zr/Y occurs with most of the rocks overlapping many productive fields (Fig. 16e) . In La/Yb n -Yb n space, the Finlayson Lake district rocks overlap predominantly with the fields for Que River, Kuroko, Tobique, and Mount Windsor (Fig. 16f) .
The difference in the geochemical behavior of the Finlayson Lake district felsic rocks when compared to the Archean VHMS-hosting rocks, and to many Phanerozoic rocks (Fig.  16) , most likely reflects different crustal substrates from which the felsic rocks were derived. For example, a feature common to the Finlayson Lake district, Que River, Kuroko, Tobique, and Mount Windsor deposits and/or districts is that they are partially to completely underlain by evolved continental crust (Ohmoto and Skinner, 1983; Corbett, 1992; Stoltz, 1995; Lentz, 1998 Lentz, , 1999 Whalen et al., 1998) . Partial melting or contamination by continental crust during the genesis of felsic rocks would lead to LREE enrichment due to the LREE-enriched nature of the continental crustal reservoir (Taylor and McLennan, 1985; Wedepohl, 1995) . In contrast, the felsic rocks hosting VHMS deposits in Archean greenstone belts are interpreted to have formed from remelting of a mafic substrate in Iceland-type rift environments (Barrie et al., 1993; Prior et al., 1999) . Remelting of a mafic (MORBlike) substrate would result in LREE-depleted, tholeiitic felsic rocks common to those hosting the Archean VHMS deposits and districts (Lesher et al., 1986; Barrie et al., 1993; Prior et al., 1999) . These contrasting results illustrate that indices for certain VHMS districts are not necessarily universally applicable to other districts and an understanding of the petrogenetic, tectonic, and crustal controls on felsic volcanic genesis is more important than geochemical discrimination fields.
Conclusions
Felsic volcanic rocks from the Finlayson Lake district are associated with three units: the Fire Lake unit, the Kudz Ze Kayah unit, and the Wolverine succession. Of these units only the Kudz Ze Kayah unit and the Wolverine succession are hosted with polymetallic felsic-associated VHMS deposits (Kudz Ze Kayah, GP4F, and Wolverine). Geochemical data from these rocks illustrate that felsic rocks from these units have formed under variable petrogenetic conditions within an evolving Devonian-Mississippian arc-back-arc system. Felsic volcanic and high-level intrusive rocks in the Fire Lake unit have calc-alkalic and tholeiitic affinities with low HFSE contents and intermediate Zr/Sc (9.4-43.4) and Zr/TiO 2 (254-864) ratios. These rocks are interlayered with mafic rocks with arc geochemical signatures, are largely VHMS barren, and represent bimodal magmatism within an evolving Devonian-Mississippian continental-arc system. The Kudz Ze Kayah unit stratigraphically overlies the Fire Lake unit and consists of felsic volcanic rocks with high HFSE contents, within-plate (A-type) signatures, and high Zr/Sc (15.3-190.3) and Zr/TiO 2 (630-2,185) ratios. Felsic rocks of the Kudz Ze Kayah unit are crosscut and overlain by alkalic mafic rocks and are associated with abundant carbonaceous sedimentary rocks. Felsic magmatism in the Kudz Ze Kayah unit is interpreted to have formed within a Devonian-Mississippian ensialic back-arc rift-basin environment. The Wolverine succession is younger and unconformably overlies the Kudz Ze Kayah unit. Felsic rocks in the footwall of the Wolverine deposit have attributes similar to rocks of the Kudz Ze Kayah unit with high HFSE contents, within-plate (A-type) signatures, and high Zr/Sc (29.9-84.2) and Zr/TiO 2 (391-1,220) ratios. In contrast, aphyric rhyolite flows in the hanging wall of the deposit have much lower HFSE contents and the lowest Zr/Sc (3.5-27.7) and Zr/TiO 2 (181-591) ratios in the district. All the felsic rocks of the Wolverine succession are interlayered with abundant carbonaceous sedimentary rocks and are overlain by basaltic rocks with MORB affinities. The Wolverine succession is interpreted to have formed within an Early Mississippian ensialic back-arc basin environment that eventually evolved to a sea-floor-spreading environment.
The variation in the HFSE budgets of the felsic rocks of the Finlayson Lake district most likely reflects variations in the source and/or temperature of crustal melting. In particular, the Fire Lake unit felsic rocks appear to have higher Nb/Ta and lower Ti/Sc ratios than other volcanic rocks in the district, suggesting possible derivation from mafic crustal sources and/or lower crustal fusion temperatures. The Kudz Ze Kayah unit and footwall rocks of the Wolverine deposit are interpreted to have formed from high-temperature partial melting of continental crust. The hanging-wall aphyric rhyolites from the Wolverine deposit may have formed from either lower temperature continental crustal melting or have been derived from the mixing of HFSE-depleted N-MORB mafic magmas and evolved continental crust.
Polymetallic felsic volcanic-associated VHMS deposits within the Finlayson Lake district are preferentially associated with HFSE-enriched felsic rocks with high Zr/Sc and Zr/TiO 2 ratios. The HFSE and REE systematics of VHMS-associated felsic rocks of the Finlayson Lake district are differen from prospective felsic rocks of Archean VHMS environments in the Superior province and are displaced toward higher Zr/Y and La/Yb n ratios. They have HFSE and REE systematics, however, similar to many Phanerozoic VHMS environments, in particular those partially to fully underlain by continental crust (e.g., Bathurst, Que River, Mount Windsor, Kuroko, Tobique). The deviation in the HFSE and REE systematics between felsic rocks of the Finlayson Lake district and Archean environments most likely reflects the differences in the substrates from which the felsic rocks were derived (e.g., mafic vs. felsic). The similarities with many Phanerozoic VHMS environments reflect their common association with evolved continental crust, either by derivation from or contamination by a continental substrate.
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Samples were analyzed at the Geological Survey of Canada, Ottawa, Canada. Samples were ~1 kg or larger in size and collected from surface exposures during regional mapping or from diamond drill core. Surface samples had weathered edges removed by a diamond saw, whereas drill core samples had sufficiently fresh surfaces. Samples were then pulverized in a steel jaw crusher with most subsequently pulped and powdered in a ceramic mill. Some samples were pulped in a Cr steel mill and others in a tungsten carbide mill. Samples that have been crushed by Cr steel likely have excess Cr values, whereas those crushed by tungsten carbide most likely have excess Ta. Given these constraints we have denoted samples crushed by these methods in Table R1 and when critical element ratios are discussed involving these elements (e.g., Nb/Ta) samples crushed in contaminant mills were not included. Powders from the aforementioned steps were used in all other analytical techniques.
Major elements were determined on fused beads by X-ray fluorescence (XRF) with the exception of H 2 O and CO 2 , which were analyzed by infrared spectroscopy and FeO, which was analyzed by modified Wilson titration. Samples analyzed for trace elements were totally dissolved using a combination of nitric, perchloric, and hydrofluoric acids, with a lithium metaborate flux if any residual material existed after the first acid attack. These solutions were then analyzed for trace elements using a combination of inductively coupled plasma emission spectrometry (ICP-ES) and inductively coupled plasma mass spectrometry (ICP-MS). Further details on the methodology can be obtained from the Geological Survey of Canada at http://132.156.95.172/chemistry.
During the course of this study repeat analyses of rock samples with matrices similar to those in this study were undertaken to test precision and accuracy, including sample P98-KZK2 (quartz-feldspar porphyritic intrusion) from this study, and Mineral Deposit Research Unit internal reference materials WP-1, a dacite from Watt's Point, and P-1, a granodiorite from the Coast Plutonic Complex, both in British Columbia. The means, ranges of determination, analytical precision, and comparisons to presently known values are presented in Table A1 . Precision is presented as percent relative standard deviation (%RSD = 100*standard deviation/mean) and estimated 2σ errors are presented for the replicate analyses. For trace elements of critical importance the repeat analysis is presented in Figure A1 in relationship to the detection limit. This plot illustrates that the overall patterns are not significantly different and that the analyses are sufficiently precise (Fig. A1) .
To test accuracy we have compared the average values for P-1 and WP-1 prior to 1998, which were compiled predominantly from commercial laboratories, to the averages compiled from this study (Table A1 ; Fig. A2 ). It is notable that there are some significant differences particularly for the APPENDIX Analytical Methods, Precision, and Accuracy REE and HFSE (Table A1 ; Fig. A2 ). This is largely the result of different analytical techniques because in the pre-1998 Mineral Deposit Research Unit values most of the REE and HFSE were determined by INAA or XRF, whereas those from this study were by ICP-ES and ICP-MS. Shown in Figure A2 are primitive mantle-normalized trace element plots for trace elements of petrological interest in this study. It is clear from these plots that the differences in the shapes of the patterns, or the overall abundances of these trace elements, are not significant (Fig. A2) . 
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